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In this work, high-resolution transmission electron microscopy images of microscopic soot emissions from
wildfire and from a wide range of anthropogenic combustion sources (e.g., electrical utility and institutional
oil boilers, jet aircraft, and heavy-duty diesel trucks) are presented. The soot nanostructures of individual
particles in these emissions are predominantly heterogeneous, decidedly influenced by the fuel composition
and by the particular combustion process the fuels undergo, and reveal the mechanisms underlying primary
soot particle inception and growth. A lattice fringe analysis shows that differences among the soot nanostructures
are measurable. To study whether these differences might identify the combustion source types contributing
to ambient aerosols, we also examine the nanostructures of individual atmospheric particles collected at two
spatially diverse United States locations (Duke Forest, North Carolina, and the Northern Front Range, Colorado).
We find that the elemental carbon structure in airborne particles is mixed internally and externally and does,
in fact, reflect contributions from different anthropogenic and biomass burning sources. An improved
understanding of the soot nanoheterogeneity in airborne and combustion particles is likely to greatly influence
PM, srelated health and source apportionment research.

Introduction state and chemical heterogeneity of aerosols is also obtainable
o _ _ ~ with HR-TEM.

Global emissions estimates of submicrometer soot particles |, laboratory studies using a high-temperature furnace, the
[also referred to as elemental or black carbon (EC or BC); compustion of different fuels has produced considerably dif-
hereafter referred to as EC or soot] are as high as172Tg/ ferent soot nanostructur@sThese differences in soot nano-
year! Formed from the incomplete combustion of biomass and gty cture were shown to be mainly dependent upon the fuel
fossil fuels, soot particle emissions from anthropogenic and composition, the combustion process, and the combustion
wildfire sources have received ever-increasing attention, owing temperaturé.” When a form of computational image analysis,
to their direct and indireétroles in climate forcing and the  |attice fringe analysis, is used, soot nanostructure and its
potential health risks they po3e. variations could also be quantified. In essence, quantification

The chemical reactivity and physical and radiative properties included parametrizing length, curvature, and separation distance
of soot are dependent on its nanostructuaeterm referring to between the carbon lamella. Substantial differences in these
the degree of atomic order as manifested by graphitic layer planecategories have translated into colloquial characterization of the
segments and their physical relation to each other. The detailscarbon as graphitic, fullerenic, or amorphous. The question to
of soot structure at the nanolevel are normally gleaned from be addressed here is whether similar differences might be
images recorded using a high-resolution transmission electronmanifested in the soot produced from biomass burning (e.g.,
microscope (HR-TEM), a high-magnification instrument with wood stoves or wildfire) and in commonly used fossil fuel
spatial resolution better than 0.2 nm. Sample examinations by combustion devices (e.g., utility boilers, vehicles, etc.) given
HR-TEM can furnish information on atom arrangements, surface the wide variation in fuels and combustion conditions. If
topography and texture, particle morphology, material crystal- plausible, these differences could be used to help identify or

linity, and composition. Extensive information on the mixing fingerprint the combustion sources contributing to ambient
aerosols or could be used to partly explain the causal mecha-

nisms for the adverse health effects of aerosols. Such research

*To whom correspondence should be addressed. E-mail:

hays.michael@epa.gov. activity could support source apportionment and health studies
TUnited States Environmental Protection Agency. with potentially significant regulatory implications.
SRA. deed dies have b indi ltati
(1) International Panel on Climate Chan@dimate Change 2001: The _Indeed, HR-TEM studies have begun to indicate qualitative
Scientific Basis; Cambridge University Press: New York, 2001. differences in nano- and microstructure and morphology among
4252)‘:"26‘8”5'3”1 J.; Nazarenko, Proc. Natl. Acad. Sci. U.S.2004,101, carbonaceous particles from anthropogenic and wildfire sources
3) Doﬁaldson, K.; Tran, L.; Jimenez, L. A.; Rodger, D.; Newby, D. E.;
Mills, N.; William, M.; Stone, V. Part. Fibre Toxicol. 2005, 2, DOI: (5) Wornat, M. J.; Hurt, R. H.; Yang, N. Y. C.; Headley, T.Clombust.
10.1186/1743-8977-1182-1110. Flame 1995,100, 131—143.

(4) van Poppel, L. H.; Friedrich, H.; Spinsby, J.; Chung, S. H.; Seinfeld, (6) Vander Wal, R. L.; Tomasek, A. Combust. Flam&003,136, 129—
J. H.; Buseck, P. RGeophys. Res. Let2005, 32, DOI: 10.1029/ 140.
2005GL024461. (7) Vander Wal, R. L.; Tomasek, A. Combust. Flam@003 134, 1-9.

10.1021/ef060442h CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/22/2007



802 Energy & Fuels, Vol. 21, No. 2, 2007 Hays and Vander Wal

(for example, see and compare the TEM images in refs(. by reactive processég Subsequent carbonization followed by
However, visual evidence within the HR-TEM images alone continued molecular mass addition to the growing particle leads
has not always adequately revealed the subtle variations amondo primary soot particle¥® Depending upon the nascent fuel
the complex networks of lamella borne from the different fossil composition and combustion temperature, different species such
fuel combustion sources (as evidenced by panels ¢ and d inas PAH or acetylene can contribute to soot mass gréith.
Figure 1 of ref 8 Assuming soot nanostructure is to support During the growth process, agglomeration occurs, resulting in
sound decision making in source apportionment and other the fractal aggregates typical of soot particles. Traditionally,
health-related PWs research activities (P refers to particu- ~ most analysis of soot has pertained to the microstructure or
late matter that is 2.%m or smaller in size), a quantitative overall (micrometer) size of the aggreg&teThe primary
analysis and understanding of the soot nanostructure from amotivation for this emphasis stems from the inhalation concerns
range of combustion sources will be needed. Yet, we know of associated with aerosols, soot in particular, which has led to

only one study providing such quantitative data, and its focus the Environmental Protection Agency RMcriteria. Submi-
concerns primarily diesel soot emissidas. crometer aerosol particles can penetrate deep into the lung,

In this work, we assemble HR-TEM images of soot from a thereby presenting _a significant hea_llth hazérd. .
range of anthropogenic and pyrogenic emissions sources, which Fractal geometry is the common size method used to describe
contribute significantly to the atmospheric aerosol burden. The @dgregate structure, and such a description finds use in modeling
soot nanostructures over select particle areas are quantified using€0se! dynamics and the absorption and scattering properties

: . ) L S 20
lattice fringe analysis. The quantitative results illuminate the ©f SO0t However, most such analyses are conducted on
clear visual distinction between biomass burning and fossil fuel laboratory soot, and only recently has the fractal methodology

combustion soots. And although there are visual differences in °€€n applied to PM produced by diesel engfiey compari-

nanostructure among the fossil fuel combustion soots examinegS°": SO0t nanostructure |s_recogn|zed as t_)emg () (.).f greater
(corroborating our initial laboratory studies), the fact that these Importance to understand_mg soot reactivity and (ii) more
differences were less evident generally applies. Visual inspection reflegtlve of the soot formation conqmons and of the gas-phase
of nanostructure did grant us the ability to reveal the mechanisms>PE¢!€S contributing to soot formation. We would add that the

underlying primary soot particle inception and growth and the nméggiraetecg S;gglgrgiglf:tilr(\)?uf (lalk(ietlﬁleltigl Zﬁzcr;:é?ghﬁgmgié”
combustion and fuel source characteristics. It also reveals P P g ep phag

. . .~ “lines. Full comprehension of different soot nanostructures may

internally variable elemental carbon structure and composition S . .

within individual primary soot particles from the same fossil therefore also be justified when deve_lopmg an understanding
. of source-related Pb% health mechanisms.

fuel combustion source.

- . Surface processes ultimately influence the soot nanostructure
To finish, we show that the nanostructures of individual P Y

heri il I Sl di | %" by mediating the addition of gas-phase hydrocarbons to the
atmospheric particles co eqted at spatially diverse U.S. locations particle. Different gas-phase molecular species will likely diffuse
(Duke Forest, North Carolina, and the Northern Front Range

: . ' to the surface at different rates and may vyield different surface
Colorado) are largely internally and externally mixed EC g4y ctures with consequences for subsequent carbon layer plane
assemblages, which reflect specific fuel and combustion sourcegrowth and assembly. The surface reaction, growth, and
contributions. These data draw a direct link between atmospheric 3ssembly processes are considered to be fully dependent on these
soot and primary combustion source emissions. The value of ya45.nhase molecular species; therefore, the final soot particle
developing an approach that uses the relatively nonreactive ECpanostructure is expected to reflect the gas-phase flame chem-

component of PM for apportionment is considerable, especially jstry and is interpreted with the surface-mediated processes
in light of the recent evidence showing that the condensable jmpjicit. 22

organic markers commonly used in linear factor analysis and
chemical mass balance models are being photochemically
oxidized in aged, regionally transported summertime aerd3ols.
General Picture of Soot Formation.Fuel pyrolysis occurring Sample Matter. In all, seven aerosol samples were analyzed
at relatively low combustion temperatures generates the mo-for soot nanostructure by HR-TEM, five from source emissions
lecular species, energy, and conditions necessary for masgesting and two from sampling the atmosphere. The emissions
growth of soot nuclel3 Generally, molecular species grow as samples selected for analysis were within the oil fuel combustion
polycyclic aromatic hydrocarbons (PAH) of ever increasing (|ndustr|al,comm¢rC|aI, residential, and electrlcal utilities; 46.3 Go/
molecular weight? Ultimately, the supersaturation of very high year), transportation (230 Gg/year from highway and off-highway

) L X ; . éjiesel and aircraft), and biomass burning (wildfires, agricultural
mass species causes initial condensation, which may be aide
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fires, prescribed burning, and residential wood combustion, 1.3 Tg/ U.S. Ponderosa pine forest and burned in a test enclosure as they
year) source sectors. These sources were selected using their impagetre burned in the field. Milligrams of aerosol emissions from this
on air quality as a basis; combined, they accounted for ap- simulated wildfire were sampled. The collection, handling, and
proximately 25% of all anthropogenic fine aerosol emissions (6.2 burning of the biomass fuel were described by Hays &€ aln
Tglyear) in the U.S. in 2002 Global estimates of EC emissions analysis of fuel composition found the following: C, 44.6; H, 5.4;
from these sources range from 5.6 to 11.0 Tg/yéagcounting N, 0.7; O, 31.1; S, O:%all values are given as percentages. Though
for approximately 50% of the world’s yearly EC emissions. We this aerosol was virtually all carbon, it comprised less than 2%
use EC as a surrogate for soot and its nanostructure throughoutw/w EC matter.
However, because EC is “operationally” defined and subject to ~ Ambient PM, 5 Collected in Duke Forest.The Duke Forest
artifacts, it may incorrectly predict the mass attributable to a specific ambient sample is a 2-day composite sample collected from Friday
soot nanostructure imaged by HR-TEM. To the best of our July 25, 2003 at 6:45 PM until Sunday, July 27 8:05 PM using an
knowledge, these are the first direct TEM observations of jet engine MSP high-volume sampler, sampling through a;2Mead at 270
and plant- and institutional-scale oil boiler soot nanostructures.  I|pm at Chapel Hill, NC. No denuders were used. The organic carbon
Except where otherwise indicated, aerosol was collected using (OC)/EC ratio was 11:1, which was typical of about half of the
a dilution sampling system (DSS) reported previodshe dilution samples collected at this time and a bit higher than others. The
factor varied, depending upon the system and test. Teflon and high-sample is expected to comprise 90% carbon from the oxidation of
volume quartz filter media served to capture the filterableeBM  terpenic hydrocarbons, which likely polymerized into larger
These were subsequently processed for HR-TEM analysis asmolecules as some studies have suggeStgtie EC is probably
indicated. The sample age spanned frerh to 9 years. During from diesel and biomass burning sources, although potassium data
this time, the samples were stored in an ultralow-temperature freezerand meteorology do not support a significant fire contribution. The
at a maximum temperature ef45 °C. An effect on nanostructure  Duke Forest site is located near a local access road, thus, is expected
due to either the wide time gap between sample collection and to capture a small fraction of vehicle soot. On a wider spatial scale,
analysis or to the storage conditions was not expected. A detailedthis field-monitoring site is located in a 32 Rrforest surrounded
description of each source and sample follows. by a thickly settled urban area.
Plant-Scale Electrical Utility Boiler (432 GJ) Firing Residual Northern Front Range Air Quality Study. The second ambient
Oil. Aerosol emissions from a front-fired fossil fuel steam generator PM, s sample is a 24-h sample (12/20/19982/21/1996), collected
burning No. 6 residual fuel oil were sampled using the DSS. This as part of the Northern Front Range Air Quality Study at the Welby
aerosol contained less than 1% w/w carbon. Results of a No. 6 site in the northeast Denver area. Aerosol was collected on a 79
residual fuel analysis found the following: C, 87.85; H, 7.34; O, mm Gelman Zefluor filter with an MSP high-volume virtual
1.87;N, 0.57; S, 2.35; ash, 0:62ll values are given as percentages. impactor operating at a 0.283%min flow rate; the sampler had a
Chlorine content in No. 6 residual fuel oil can be as much as 500 2.5,m aerodynamic cut point. On December 20, 1996 at the Welby
ppm. site, the OC/EC ratio was nearly 1:1 at a total carbon concentration
Institutional-Scale Boiler (67 GJ) Firing Distillate Oil. This of ~10 ug/m?. Receptor modeling attributed the majority of EC to
PM; s emissions sample was collected from an institutional-scale light-duty gasoline (cold starts) and diesel vehicles. A coal-fired
water tube boiler firing No. 2 distillate oilo(= 0.84 g/L). Upon power plant and petroleum refinery were the major industrial
visual inspection, the collected aerosol appeared black. Thermal-facilities operating regionall$8
optical analyses confirmed that up to 34% w/w of the carbon was  Sample Preparation.The process for creating the TEM sample
elemental carbon or soot. Results of a No. 2 distillate fuel analysis consisted of removing a portion of the collected soot from the
found the following: C, 85.93; H, 13.66; O, 0.26; N, 0.03; S, 0.09; sample filter and dispersing it upon a TEM grid. A portion of the
Cl, ~300 ppm; ash, 0.0%all values are given as percentages. sample filter was removed by cutting. This piece typically measured
Jet Aircraft Engine Exhaust. A fine aerosol sample was 1 cn?in area. Within a new glass sample bottle, the filter section
collected from the emissions of a commercial (General Electric and 5 mL of 200-proof ethanol were agitated by sonication. Material
CFM-56-2-C1) turbofan engine mounted on a Boeing DC-8 jet was readily released from the filter and observed as a clouding of
aircraft. Tests were conducted as part of the NASA Air Particulate the solution. Though a period of 1 min typically resulted in a high
Emissions Experiments program. The sample integrated enginedegree of removal of material from the filter, as judged qualitatively
operating tests were conducted at four power (thrust) settifigjs by its change in opacity, typically a sonication time of 10 min was
(idle), 30% (approach), 85% (climb-out), and 100% (take-6ff)  ysed to ensure near total removal. A drop of the dispersed solution
typical of the landing and take-off cycle at commercial airports. \vas then placed upon the lacey TEM grid. By drying through
This PM sample comprised nearly 35% w/w EC. Jet propulsion evaporation, suspended material was deposited upon the TEM grid.
fuel No. 8 (JP-8;p15 .c = 0.8199 g/cr heat of combustior= Al of the collected soots were examined using this approach.
43.2 MJ/kg) was the base fuel. Compositional analyses of this jet  The elemental carbon composition of soot was the main focus
fuel showed the following: S, 409 ppm; H, 13.7% w/w; aromatics, of our study. Prior analyses confirmed each soot examined here as
17.9% viv. . o . comprising some fraction of elemental carbon. In such carbonaceous
Highway, Heavy-Duty Diesel Truck EmissionsThe diesel soot soots, inclusions and other heterogeneous material are not readily
sample was collected as an on-road aerosol emission from a high-extracted (e.g., fullerenes imbedded within flame soot are generally
mileage, 1990 Kenworth long-haul, heavy-duty truck with a series ot extractable). Redeposition of soluble organic matter, if present,
60 Detroit diesel engine. Sample exhaust was diluted (1:56) with following drying of the ethanetsoot droplet is readily observed
compressed, dry, HEPA-filtered air directed to a series of three 35 4 thin film on the particles and grid. This can greatly obscure
eductors (1:20 dilution each). A P\ cyclone was positioned in  jmaging at high magnifications. Subsequent sample preparation

the dilution system upstream of the sample filter. Fine particulate employed a dry transfer process for transferring soot from selected
matter in the diesel truck exhaust was sampled on a Teflon filter. cojection filters to TEM grids. For two organic soetaamely,

That filter Sample was V|S|b|y black and contained 70% EC on a the wildfire and aircraft sootstreated this way, Changes in

mass basis. ) o morphology or nanostructure were not observed, suggesting an
Ponderosa Pine (Pinussp.) Forest Wildfire. Fresh green
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Figure 1. Shown are the bright-field HR-TEM image (a), the corresponding skeleton image (b), derived histograms of fringe length (c) and
separation distance (d), the image skeleton for calculation of tortuosity (e), and histogram of fringe tortuosity (f) for the soot derived from the

plant-scale electrical utility boiler firing residual oil.

absenc®f chemicalor physicalsolventeffectsdueto the solvent-
basedTEM samplepreparation.

High-Resolution Transmission Electron Microscopy (HR-
TEM). HR-TEM imagesweretakenusinga Phillips CM200with
a Gatanimagefilter for digital imagingwith live Fouriertransforms
with a nominalresolutionof 0.14 nm. The instrumentoperatedat
200keV usingLaBé6 filament. Typically, threeor morelocations,
well-separatednthe TEM grid, wereexaminedo verify uniformity
of thesample specificallythe sootmorphologyandprimary particle
(nano)structure These locations were examinedat a series of
progressivemagnificationsto determinethe consistencyof the
particular nanostructurelf variability was observed,additional
locationswere analyzedto resolvethe predominanform. Images
werecollecteddigitally from portionsof the samplethatwerebest
imaged(isolatedregionsof sootaggregateshereprimaryparticles
werenot overlappedy otherprimary particlesalongthe electron
beamaxis).

HR-TEM Lattice Fringe Image Analysis. ThoughtheHR-TEM
imagesarehelpful in revealingthe nanostructuref soots theyonly
provide a qualitativemeasureA more quantitativemeasuremay
be obtainedby a lattice fringe analysisof the HR-TEM images?®
socalledbecaus¢he carbonlamellaappeams“fringes” underHR-
TEM imaging.With the adventof digital imagingand computer-
basedimage processingwe have developedimage processing
algorithmsexpresslyfor this purposePreviouspapershavedetailed
the processingf imagesand demonstratedalidation againstthe
traditional measuresof Raman and X-ray diffraction for the
graphitic structurein a seriesof heat-treateccarbonsand as a
nanoscalemetrologytool.3°

(29) Shim,H.-S.;Hurt, R. H.; Yang,N. Y. C. Carbon200Q 38, 29—45.
(30)VanderWal, R. L.; Tomasek,A. J.; Street,K. W.; Hull, D. R;;
ThompsonW. K. Appl. Spectrosc2004 58, 230-237.
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Resultsand Discussion

HR-TEM and Lattice Fringe Analysesof Source Soots.
Generally,lower-magnificationTEM imagesof particle soot
from the selectedsourcegevealedaggregatenorphologywith
fairly significantmergingof primary particles(datanot shown).
The degreeof aggregatecompactnessand particle merging
variedby combustiorsource for examplethewildfire particles
were fully merged comparedwith those from fossil-fuel
combustion.Within the fossil-fuel combustioncategory,the
primary particlesfrom the institutional-scaleoil boiler were
fusedto the greatesextent.Eventhoughthe primary particles
observedverenot clearly definedtypically, we estimatedheir
size ranging from approximately20 to 100 nm and varying
within and acrosssource types. They appearedmostly as
spheroidswith distortionsandirregularitiesbeingrevealedupon
close inspection. In contrastto laboratory-generatedoots
exhibitingan often-citedstructureconsistingof point-contacting
spheresassemblednto branchedfractal aggregatesthe ag-
gregate®bservecherewererathercompactgenerallylacking
such“traditional” structure Therein,aerodynamicize param-
etersfor manyof the primary andaggregateparticlesobserved
are less meaningful. Despite this lack of macrostructurea
bimodal size distribution composedof particleseither much
smalleror largerthanthereportedaggregater primary particle
(asmight be expectedn eithera nucleationor agglomeration
mode)was not seen.

Figures1—5 eachinclude high-magnificationTEM images
(resolving individual carbonlamella) of sootsfrom globally
relevant anthropogenicemissionssourcesalong with their
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Figure 2. Shown are the bright-field HR-TEM image (a), the corresponding skeleton image (b), derived histograms of fringe length (c) and
separation distance (d), the image skeleton for calculation of tortuosity (e), and histogram of fringe tortuosity (f) for the soot derived from the

institutional-scale boiler fueled with distillate oil.

correspondingfringe analysis plots. In the next sections,
observationsof each source’snanostructurewith respectto
particlenucleatiorandgrowth,combustiorconditions andfuel
chemistryare considered.

Plant- and Institutional-Scale Oil Boilers. Whentestedthe
plant-scaleelectricalutility boiler (432 GJ) firing residualoil
wasoperatingat roughly half of its permittedload with a five-
field electrostatigrecipitatorasthe only controldevice.These
testconditionsresultedin a PM, s massemissionfactor of 2.2
g/kg of fuel burned(averagedver 22 h of sampling).Sulfur
was the single most predominantelement.The fine aerosol
collectedwassulfur-enriched ~60%w/w; determinedy X-ray
fluorescence)n the accumulationmode specifically between
thediameterof 400-650nm. As mentionedthe PM emissions
from this boiler comprisedessthan 1% w/w carbon;the EC/
OCratiowasasmuchas2:1. Theespeciallydiminutive organic
carbonconcentratiormadeit impracticalto apply any conven-
tional, off-line analyticalmethodologyto determinetheidentity
or level of organicmarkersin this filter sample Thesearethe
compoundsnormally utilized for sourceattribution and ap-
portionment.The carboncontribution estimateof this source
maythereforebe erroneouslyneglectedvhenusingonly organic
markersto apportion airborne PM. We justify focusing on
the sootcomponenin theseemissionsusingHR-TEM on the
basisof (i) its single-particlesensitivity, (ii) the larger frac-
tion of EC (asopposedo OC) in this particularsample,and
(iii) the significant global EC emissionsfrom oil combus-
tion for electrical power generation(approximatedat 13 Gg/
year)3!

20 e ——

% of Fringes
=}

100 112 124 1.3 148 1680 172 184 186
Tortuosity

The HR-TEM bright-fieldimageof sootfrom the plant-scale
boiler emissionsis shown in Figure 1. The nanostructure
possessea radial variation. Along the particle perimeter,the
lamella are distinct while the interior is comprisedof short,
disorganizedsegments;this is somewhatanalogousto our
observationof diesel soot—given later. Such differencesin
nanostructurenayreflecta combinatiorof differentcombustion
temperaturesand chemical speciescontributing to particle
growth at various stages With PAH nascentto the fuel, the
fuel-rich coreof a spraywould be primedfor early sootparticle
inceptionby PAH nucleation®? PAHs maynot be ableto stack
in aregularmannerso asto producea graphiticstructure;the
randomchaoticassemblagef PAH would leadto a disorga-
nizedparticlecoresimilar to the oneobservechere.Moreover,
the high chlorine contentof the fuel could accelerateadical
formation via H-atom abstraction,further acceleratingPAH
growth,nucleationandinitial particlemassgrowthatrelatively
low temperature®® Nearerthe flame front, the combinationof
highertemperature§1300°C) andlongertimesneededo reach
this region will foster the breakdown of PAH and fuel

(31)Bond, T. C. Global Black CarbonEstimateqpersonacommunica-
tion).

(32) Ragucci,R.; Cavaliere,A.; Ciajolo, A.; D’Anna, A.; D’Allessio,
A. Structuref DieselSpraysin IsobaricConditions The Twenty-Fourth
Symposium(International)on Combustion,Sydney,Australia,1992; The
Combustioninstitute: Pittsburgh,PA, 1992;pp 1565-1571.

(33)Huang, J.; Senkan,S. M. Polycyclic Aromatic Hydrocarbonand
SootFormationin PremixedFlamesof CHzCI/CH, andCH,. The Twenty-
Sixth (International)Symposiumon CombustionNaples,ltaly, 1996;The
Combustioninstitute: Pittsburgh,PA, 1996; pp 2335-2341.
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Figure 3. Shown are the bright-field HR-TEM image (a), the corresponding skeleton image (b), derived histograms of fringe length (c) and
separation distance (d), the image skeleton for calculation of tortuosity (e), and histogram of fringe tortuosity (f) for the soot derived from the jet

aircraft engine exhaust.

components, resulting in acetylene,k3) formation3* C,H;
may be ableto assemblén anorderly fashiongivenits sizeg?
orderedmolecularspeciesadditionto the sootparticle via the
hydrogenaddition-carborabstractiofHACA) mechanisnmay
accounfor theincreasinglyorderedstructureattheseaterstages
(explainingthe particleperimeter)® Clearly, the fuel composi-
tion andcombustionprocessnfluencesootnucleationandthe
subsequentparticle growth and chemistry reflected in the
nanostructure.

Histogramsshowingthe distributionsof lamellafringe length,
tortuosity, and separatiordistanceare also givenin Figure 1.
The fringe-lengthhistogramshowsa significantpopulationof
fringeswith lengthsbeyond1.4 nm, an indicator of graphitic
structure. The tortuosity is relatively narrowly distributed,
signifying thatthelamellaarenot highly curved,consistentvith
visual inspection of the bright-field image. The range of
separatiordistancess broad,reflectinga turbostraticstructure
of the lamella.

Operatingat just ~40% of its capacitywithout a particle
control device, the smaller institutional-scaleboiler (67 GJ)
firing distillate oil showedacomparativeljjlower PM, s emission
factor range of 0.03-0.2 g/kg of fuel burned (for 60 h of
testing).However theseemissioncomprisedconsiderablynore

(34) Frenklach,M.; Clary, D. W.; Gardiner,W. C.; Stein, S. E. Effect
of Fuel Structureon Pathwaysto Soot. The Twenty-First Symposium
(International)on CombustionMunich, Germany;The Combustioninsti-
tute: Pittsburgh,PA, 1986;pp 1067-1076.

(35) Frenklach,M. On SurfaceGrowth Mechanismof Soot Particles.
The Twenty-Sixth(International)Symposiunon CombustionNaples ltaly,
1996; The Combustioninstitute: Pittsburgh,PA, 1996; pp 2285-2293.
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carbonwith as much as 34% being EC on a massbasis(2—
34% was the range). Interestingly, the boiler fired with the
lighter distillate fuel yields very different soot. As seen
qualitativelyvia the HR-TEM bright-field imageandquantita-
tively by the fringe-lengthhistogrampresentin Figure 2, the
soot nanostructures relatively disorderedwith few fringes
beyondl nm in length.With thesmallerdesignlikely possessing
better fuel—air premixing and lower temperaturefor NOy
reductionPAHS® (nascenbr pyrolysis-derivedandoxygenated
speciedlikely contributeto particle growth, leadingto a less
orderedstructure® The tortuosity is more broadly distributed
than that for the soot producedin the plant-scaleboiler,
consistentwith the more disorderedlamella comprising the
particle. Becausetortuosity reflects undulationsof lamella,
adjacentlamella are necessarilyout-of-registry comparedto
plane layers so as to minimize w—x electron repulsions.
Correspondinglythe medianfringe separationis larger than
thatfor the plant-scaleoil boiler soot.

Jet Aircraft Engine Exhaust. Aircraft emissionsare a
growing concernowing to their affects on climate (cloud
condensationnuclei and contrail formation) and potential
toxicity. Though generally consideredpoorly characterized,
aircraft particleemissionsconsistentlyexhibit a nucleimode—
especiallyduring takeoff (ref 37 and referencegherein). The
cycle-integratedet enginetestsconductechereyielded nuclei

(36) Benish,T. G.; Lafeur,A. L.; TaghizadehK.; Howard,J. B. C;H»
and PAH as Soot Growth Reactantdn PremixedC;Hs-Air Flames.The
Twenty-Sixth (International) Symposiumon Combustion,Naples, Italy,
1996; The Combustioninstitute: Pittsburgh,PA, 1996; pp 2319-2326.
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Figure 4. Shown are the bright-field HR-TEM image (a), the corresponding skeleton image (b), derived histograms of fringe length (c) and
separation distance (d), the image skeleton for calculation of tortuosity (e), and histogram of fringe tortuosity (f) for the soot derived from the

heavy-duty, on-road diesel truck emissions.

mode(<10 nm; numbermediandiameterdetweenl0 and 30
nm) andnanoparticlg <100nm) emissionsyith massemission
factorsspanningrrom 0.02to 0.2 g/kg of fuel burned.Though
higher EC/OCratiosin aircraft PM havebeenreportec® our
valuesrangedbetween0.1 and 1 and dependedon the fuel
composition.Thesedatacorrespondo an EC emissionsspan
of 0.002to 0.1 g/kg, which virtually envelopsthe established
rangeof EC emissionfactorsfor jet aircraft engines* Again,
jet enginetestingrenderedimited filter massof carbonaceous
aerosol,precludingorganic compoundidentification through
standarchnalyticalchemicaltechniquege.g.,GC/MS,HPLC).
With (i) globalEC emissiondrom aircraftalreadyestimatecat
19 Gglyear?* (i) air traffic growthexpandingat arateof nearly
6% per annum3® (iii) the proximity of airportsto densely
populatedurban centers,and (iv) the expectedincreasein
atmospherimanoparticleconcentrationslueto theimplementa-
tion of nationalambientPM, s standardsthereis animpending
needto betterapproximateand understandhis source’ssoot
contribution.

Comparedo sootfrom the oil-fired boilers, the jet engine
sootcarbonlamellaarelonger,moreparallel,andquitedistinct,
asshownin the HR-TEM imagein Figure 3. Thereare many
regionsof localizedgraphitic structurewhere severallamella

(37)Herndon,S. C.; OnaschT. B.; Frank,B. P.; Marr, L. C.; JayneJ.
T.; Canagaratnayl. R.; Grygas,J.; Lanni, T.; AndersonB. E.; Worsnop,
D.; Miake-Lye, R. C. AerosolSci. Technol.2005 39, 799-809.

(38)Hopke, P. K. In ReceptorModelingin Environmental Chemistry
JohnWiley: Hoboken,NJ, 1985; pp 267—314 (appendix).

(39) InternationalAir Traffic Growth Association.http://www.iata.org
(accessed/iar 2006).
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areparallelor similarly curvedtogetherThesdocalizedregions
extendthroughoutthe particles;their locationdependingupon
the particularimage plane. Reflecting someof this graphitic
structure,the fringe length histogram,Figure 3, exhibits an
extendeddistribution. Additionally, there are recognizable
fullerene-like structurescentrally locatedwithin the particles
(seeFigure3 arrow). Their centrallocationsuggestsheyformed
early during the combustion-regulategdrocesof sootgenera-
tion. Given that the fringes curve aboutcommon points, the
tortuositydistributionmeanis greaterthan1 andsimilar to the
plant-scaleboiler soot. Similarly, the oriented curvature of
adjacentlamella results in the nonregistry of neighboring
lamella. As before, given the resulting increasedelectronic
repulsion,increasedseparatiordistanceis energeticallyfavor-
able, as marked by the broad, nearly flat fringe separation
distribution.

Cs-memberedings arean essentialngredientfor fullerenic
nanostructurego-integrationof Cs into a Cg framework will
naturallyleadto curvature(fullerenicstructure)'© Fastpyrolysis
processesanshift the PAH formationpathwayawayfrom one
of thermodynamistability—wherebyonly Cg ringedstructures
form—to one where Cs speciesare preferentially formed*
Alternatively, Cs speciesmay be formed from oxygenates
undergoing decompositionwhile within fuel-rich environ-
ments®4! GiventhatJP-8is sprayednto acombustoloperating

(40) Goel,A.; HebgenP.; VanderSandeJ. B.; Howard,J. B. Carbon
2002 40, 177-182.

(41) McEnally, C. S.; Pfefferle,L. D. CombustFlame2002 129, 305—
323.
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Figure 5. Shown are the bright-field HR-TEM image (a), the corresponding skeleton image (b), derived histograms of fringe length (c) and
separation distance (d), the image skeleton for calculation of tortuosity (e), and histogram of fringe tortuosity (f) for the soot derived from the

simulated wildfire emissions.

in excesf 2000°C with very fastfuel—air mixing occurring,
bothroutesfor Cs formationarelikely operative As thesample
was integratedover severaltest cyclesincluding four power
settings,further correlationof the nanostructuresvith engine
conditionsis not yet possible.However, to the best of our
knowledge this is the first known linkage betweenfullerene-
like moleculesandaircraft enginesoot.
Utsunomiyaandco-workeré? haveidentified andtentatively
ascribedfullerenecagesin atmospherigarticle matterto coal
combustiorsoot.Our evidenceof fullerenestructurein aircraft
enginesootdemonstratethatfullereneis notuniqueto asingle
fossil fuel combustion source. Despite speculationon its
presencein wildfire soot® to the best of our knowledge,
fullerenic matterhasnot beendirectly observedn anytype of
biomassburning emissionsPerhapst is reasonableherefore
to suggesthatfullerenic nanostructureould broadlyfunction
asanindicatorof fossil fuel combustionemissionsn airborne
soot particles.Though,we cautionthat a fullerene deficiency
in atmospherisootwould not necessarilyoe concomitantwvith
a lack of fossil fuel EC in that sample.For one thing, not all
coalfly ashsootbearsresemblancéo fullerene-likestructure?
Moreover, fullerene contribution from natural sourcesis a
remote possibility. Both of these conditions would disrupt
fullerene’spotentialasarobustindicatorof fossil fuel emissions
in airbornesoot.Nonethelesssupplementarynformationabout

(42) UtsunomiyaS.; Jensenk. A.; Keeler,G. J.; Ewing, R. C. Environ.
Sci. Technol.2002 36, 4943-4947.

(43)HeymannD.; Chibante,L. P. F.; Brooks,R. R.; Wolbach,W. S;
Smalley,R. E. Nature 1994 265 645-647.
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the elementalcomposition of the source fuel and aerosol,
complementaryo the nanostructuregan be appliedto further

resolve the fossil fuel combustionsourcescontributing to

atmosphericsoot. In the caseof the primary coal combustion
particlesidentified by Utsunomiyaetal.*2 uraniummicrocrystals
wereencapsulateih the relatively graphiticcarbonbordering
the fullerene-like entities. Highly refined JP-8 fuel is not

expectedo containuranium,andasexpectedye observecho

suchobviousandrefinedheterogeneouslementor inclusions
in our jet enginesample.

On-Road, Heavy-Duty Diesel Truck Emissions. When
considering‘contained”combustiondieseltruck emissionsare
thelargestsourceof EC globally, contributinganestimated’92
Gglyearto thetropospheré? Dieselaerosokemissionsavebeen
extensivelystudiedandexhibit fractionsof EC varyingwidely
(0.2—-0.9) asa function of fuel composition,operatingcondi-
tions, and engineand on-boardemissionscontrol technology.
The modelage(1990)andconsiderablavearon the long-haul
dieseltruck engine(>900000 miles) usedin this study likely
contributedto the high EC fraction (70% w/w) measuredn its
PM emissions.

The pervasivenessf dieselemissionshasled to the wide-
spreadstudy of dieselsoot morphology,though quantitative
assessmentiave been scant (for examplesof quantitative
measuresf soot,seerefs4 and11). Sootfrom thedieselengine
testedhere possessesoderategraphitic structurealong the
particle perimeterwith theinterior lamellabeing more chaoti-
cally arrangedasseenin the HR-TEM imageof Figure4, an
occurrencesomewhatsimilar to that observedfor the plant-
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scale oil boiler. Lamella around the particle outer portion are moderate temperatures where smoldering rather than flaming
intertwined rather than concentrically stacked. Their rippled combustion occuré Within amorphous soot nanostructure,
arrangement with respect to each other suggests diverse chemicdilydrocarbons, oxygenates, and hydrogen are more prevalent,
species contributing to nucleation and primary particle growth, and they terminate the edge-site carbon atoms and fill or partially
both of which can occur in different zones of the combustion occupy void volumes within the composite particle. Assimilation
flame. It is again speculated that large PAH molecules contrib- of these interstitial molecular species or chemical functional
uted to nucleation and early growth, forming the particle groups into the soot structure likely contributes to the disorga-
interiors, while acetylene ({1,) contributed to the latter stage  nization given the inhomogeneity of surface radical sites and
growth at the perimeter. This view was justified in an earlier the many steric and conformational possibilities. Hydrogen or
discussion with the differences here being (i) that the PAHs other chemical species terminating the edge site carbon atoms
were likely pyrogenically formed<1200°C) in the fuel-rich may also contribute to the lack of planar lamella observed.
core of the diesel engine spray instead of being nascent, (ii) theNotably, the lower thermal stability of these molecular species
lesser degree to which the perimeter region of the diesel sootor chemical functionalities is consistent with the overall
contains graphitic structure, and (iii) the relative lack of radial formation of the soot particle at lower combustion temperatures.
variation in the diesel soot. The clear message is that anthro- In summary, numerous individual carbon-bearing particle
pogenic combustion soetshough refractory and commonly  types have been ascribed to biomass burfirihe observed
thought of as a single chemically homogeneous entiye amorphous nature of the soot from the Ponderosa Pine wildfire
internally mixed carbonaceous assemblages. simulation was also noticed in biomass fire aerosols sampled
By definition, the tortuosity distribution reflects the undulation  from several of earth’s continents (refs 9 and 10 and references
of the lamella. As seen within the bright-field image, Figure 4, therein). Despite the stark contrast between wildfire soot and
the extent of texturing is prevalent throughout the majority of other combustion soot, a similar amorphous structure has been
the particle and particularly along the perimeter. Interestingly, attributed to organic carbon matter in biogenic partiél&he
this uniformity gives rise to a modestly peaked separation mass proportion of inorganic elements in the biomass combus-
histogram with very similar mean and median values-6f4 tion and biogenic particles is likely to differ and perhaps be
nm. functional for apportionment. It remains to be seen if the lattice
Ponderosa Pine Pinus sp.) Forest Wildfire. We burned a  fringe analysis of these analogously structured wildfire and
mixture of dead understory litter and fresh tree canopy (8 bPiogenic carbon particles would exhibit any significant statistical
33% moisture) biomass typical of that consumed in a western differences. The biomass fire aerosol is unique in that a large
U.S. wildfire. Its resinous nature made this fuel mixture highly fraction of organic matterdeficient in other examined soot
flammable, which resulted in a high number million/cm?) particles—shields its framework and seemingly interferes with
of accumulation mode (merged primary) particle emissions the soot's ability to further organize.
(unimodal log-normal distribution centered at approximately 200 _ Evidence of Combustion Source Soots in Ambient Samples.
nm)26 The emissions factor for EC was 0.4 g/kg, in good Figure 6 images-ad exhibit the wide range of nanostructures
agreement with the EC emission factor values compiled in ref observed in the Northern Front Range sample. For example,
44. Numerous factors potentially affect the fraction of EC in image a in the figure shows particles that possess a radial
PM from biomass combustion. These include fuel type, moisture Variation in nanostructure, as indicated by lamella length and
content, loading, texture, ecosystem, landscape, soil conditions 0rganization. Examples of core—shell arrangements may be
fire type, and prevailing meteorology just to name a few. The Viewed in Figure 6 image b. These soot particles possess a
open burning of biomass is the single largest global source of disorganized core and outer graphitic structure where the lamella
atmospheric EC emissioﬁmta”ng approximate|y 3.3 Tg/ are observed as parallel or Similarly curved. Fullerene-like
year24 structures (image c) and a largely disorganized nanostructure
As Figure 5 illustrates, soot from the simulated wildfire (image d) are also detected in.the particles collected at. thg
emissions is amorphous, in stark contrast to the other soot. ThelNorthem Front Range. C_Zlearly, Its heter_ogeneous nature |nd|-
distribution of fringe lengths is narrow and peaks near 0.6 nm cates that sources with different combustion processes mcluo_hng
with greater than 85% of the fringes being less than 1.0 nm in fuél. fuél—air ratio, and combustor type contribute to this
length. Such short lamella (i) lead to a highly chaotic nano- sample. Thg results of the lattice frlng.e gnaIyS|s as illustrated
structure with a wide range of interplanar spacings, (ii) will have _by the previous samples W(_)UId be distinct for ef’?ch type .Of
a relatively larger fraction of carbon atoms at edge sites, and lUstrated nanostructure. Given the observed similarity in
(iii) do not support significant curvature (hence, less significance hanostructure .b(_etween these and prior soots, a tentative assign-
should be ascribed to the breadth of the tortuosity distribution ment of the origins ,Of thes.e soots Wou,l,d ,be ('? power plan'.["or
relative to a graphitic soot, i.e., soot from the plant-scale boiler). Similar large-scale industrial source, (ii) jet aircraft, and (iii)
These observations point to substantially different particle Piomass burning sources, respectively.
nucleation and growth mechanisms occurring in biomass fire Of partlpular interest is the variability of soot nanqstrgcture
plumes. The deficiency of nuclei in the wildfire sample was ©bserved in the Duke Forest tree canopy as shown in Figure 7.
also observed in a wood stove soot and likely due to particle Q_uahtanvely, the s_amples exhibit a range of nanostructures; t_he
growth by condensatioff. The deficiency of fullerene nano-  different selected images are not meant to convey the relative
structure in the biomass burning aerosol is noted. proportion of each type of nanostructure but rather to illustrate
Biofuels such as cellulose, lignite, and so forth tend to create the range observed. Largely distinguishing these soot samples

: . . are the observable lengths of the lamella and their local
a multitude of pyrolysis products, many of which evolve at organization (or lack thereof). The radial variation of the

nanostructure and outer graphitic structure is consistent with
the formation mechanisms previously discussed. Such wide

(44) Andreae, M. O.; Merlet, RGlobal Biogeochem. Cyclez001,15,
955—-966.

(45) Kocbach, A.; Li, Y.; Yttri, K. E.; Cassee, F. R.; Schwarze, P. E.;
Namork, E.Part. Fibre Toxicol.2006,3, DOI: 10.1186/1743-8977-1183- (46) Molto, J.; Conesa, J. A.; Font, R.; Martin-GullonHnviron. Sci.
1181. Technol.2005,39, 5141—-5147.
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Figure 6. Survey HR-TEM images of soot collected from the Northern Front Range Air Quality Study. Different types of nanostructure readily

Hays and Vander Wal

5 nm

r

recognizable by their lamella organization include (i) radial variation of lamella length and organization (image a), (i} shetirarrangement
(image b), (iii) fullerenic-like structures (image c), and (iv) a largely disorganized nanostructure (image d).

Figure 7. Survey HR-TEM images of soot collected from the ambientBbbllected in the Duke Forest. Different types of nanostructure readily

recognizable by their lamella organization include (i) amorphous (image a), (ii}-sbedl structure (image b), and (iii) homogeneous structure

(image c).

differencesin nanostructuravithin ambientsoot suggestthat
sourceswith quite different combustionconditionshave con-
tributedto the collectedsample.

Figure 7 imagea showsa nearly amorphousanostructure.

This is likely dueto the biogeniccontributionto the aerosol.
Carbonisotopeanalysissuggests relatively large proportion
of this masswasbiogenicin nature.The amorphousianostruc-
ture could also originate throughthe combustionof wood or

other cellulosic materialsof biogenicorigin including home
fireplaceswoodstovesandsoforth. However,potassiuntdata
andmeteorologydo not supporta significantfire contribution,
asmentioned A core—shell structurewherethe shell consists
of parallellamellaabouta coreof disorganizednaterialis shown
in Figure 7 image b, whereasimage ¢ exhibits a rather
homogeneoustructure.Comparatively the core-shell nano-
structuresuggestsinanthropogeniorigin. Themarkedvariation

betweerthe particlecoreandshell, coupledwith the recogniz-

able lamella length and stacking in the particle perimeter,
suggestoriginsfrom sourcewith markedlydifferentconditions
for particlenucleationversusgrowth, suchasa powerplantor
other similar large-scalefacility. Finally, the shorter, more
tortuouslamellaobservedn imagec suggestapid formation,
while the lack of radial variation suggest€ommonconditions
for particle inceptionand growth as perhapsmay occurin a
dieselengine.Thisresultlikely confirmsthe presencef vehicle
soot from a local accessroad and possibly from the thickly
settledregionsurroundingthe forest.

Identificationof source-specifisootnanostructurén ambient
PM samplesis apt to be complementarjto ongoing source-
receptorstudies.A positively identified sourcesoot entity in
ambientPM presumablycould confirm sourceprofile selection
prior to developinga chemicalmassbalancemodel or could
confirmtheresults(the numberandassignmentf sourcetypes
contributingto anairborneaerosokample)of a positivematrix
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factorization. The positive identification of soot nanostructure a wide assortment of combustion sources contributing to
in source aerosols that are devoid of source-specific or, for thatatmospheric soot. As it stands now, the determination of source
matter, any organic markers is also expected to improve our soot nanostructure is likely to complement the development of
ability to properly account for the sources contributing to the widely used air-quality models. Further development of ap-

carbon fraction in ambient PM. portionment models and the mechanisms underlying the adverse
health effects of aerosols are likely to benefit from a better
Conclusions understanding of soot nanostructure.

The nanoheterogeneity among soot from different anthropo-  acknowledgment. The authors thank Drs. Leonard Stockburger
genic combustion sources was made evident. Important differ- and Christopher Geron for respectively providing the Northern Front
ences in the type and concentration of hydrocarbon assemblageRange and Duke University forest particulate matter samples.
between the particle perimeter and central core were observedDisclaimer: Trade names or manufacturers’ names are used for
across the examined combustion systems. The morphology anddentification only. This usage does not constitute an official
nanostructure of biomass burning aerosol stood in stark visual€ndorsement, either expressed or implied by The U.S. Environ-
contrast with fossil fuel combustion soot, whereas lattice fringe Méntal Protection Agency, the National Aeronautics and Space
analysis was needed to reveal the relatively subtle differencesAdm'n'Strat'on’ or USRA.
among the fossil fuel soot samples. HR-TEM analysis indicated EF060442H



